The evolution of H5N1 has attracted significant interest [1] [2] [3] [4] due to linkages with avian 5, 6 and human infections 7, 8 . The basic tenets of influenza genetics 9 attribute genetic drift to replication errors caused by a polymerase complex that lacks a proof reading function. However, recent analysis 10 of swine influenza genes identifies regions copied with absolute fidelity for more than 25 years. In addition, polymorphism tracing of clade 2.2 H5N1 single nucleotide polymorphisms identify concurrent acquisition 11 of the same polymorphism onto multiple genetic backgrounds in widely dispersed geographical locations. Here we show the aggregation of regional clade 2.2 polymorphisms from Germany, Egypt, and sub-Sahara Africa onto a human Nigerian H5N1 hemagglutinin (HA), implicating recombination in the dispersal and aggregation of single nucleotide polymorphisms from closely related genomes.
The rapid expansion of the geographical reach of H5N1 clade 2.2 has increased attention on the mechanism of evolution in these rapidly changing genomes.
Clade 2.2 was first reported 12, 13 at Qinghai Lake in Central China in May, 2005. Infection of long range migratory bird led to a rapid expansion of reported H5N1
infections in wild birds and poultry in Europe, the Middle East, and Africa. were present in all of the isolates from the region. Additional polymorphisms, C661T, C727T, A880G, G1019A, were also in these regional isolates, but also extended upstream to isolates in Europe, and downstream to isolates in Nigeria.
In addition to these regional markers, the figure identifies some of the subregional markers, which will be discussed in more detail elsewhere.
The HA phylogram in Figure 1B is annotated with regional markers on isolates . Additional polymorphisms shared between German and Egyptian isolates will be discussed in detail elsewhere.
The HA phylogram in Figure 1C is annotated with regional markers on isolates from sub-Sahara Africa. These isolates also fall into three major sub-clades. 3), and sub-Sahara Africa. The isolate has the three sub-Sahara polymorphisms, plus a sub-regional polymorphism, A1006G from this sub-clade.
This isolate also has a sub-set of the German clade 2.2.2.3 markers (G295A and C1480T) as well as a sub-regional marker from Egyptian clade 2.2.2.3, C1614T.
In additional, the isolate has T937C, which is one of the clade 2.2.1 regional markers. The human sequence also has two clade 2.2.1 sub-regional markers (T610C and G643A). In addition, the sequence has additional sub-regional markers from Mongolia and Siberia. Thus, 13 of the 14 newly acquired polymorphisms are present in sequences from clade 2.2 isolates, and six of the polymorphisms are regional markers.
Earlier reports have used phylogenetic analysis to conclude that H5N1 infections in Nigeria involved multiple introductions [15] [16] [17] [18] . Similar observations have been made for Germany [19] [20] [21] . linked to oseltamivir sequences, raising the possibility that the resistance markers that emerged were already present in low abundance prior to treatment.
One of the markers, N294S, was also in clade 2.2 sequences present in family members from the Egyptian governorate of Gharbiya. This change was present in isolates collected prior to treatment, as well as isolates from samples collected two days following the start of treatment. Sequences from two of the patients were similar but distinct, and these distinctions were present in both sets of sequences, suggesting that the source of infection for the patients also contained distinct but closely related sequences.
Similarly, plaque purified clones of H5N1 from a chicken in Gharbiya identified two distinct populations. One was closely related to the sequences from the patients in Gharbiya, while the other was identical to sequences from other chickens in Gharbiya. Moreover, the clones had evidence of recombination (data will be reported elsewhere). These examples of dual infections involving closely related sequences provide the genetic basis for acquisition of single nucleotide polymorphisms by recombination.
Tracing of these polymorphisms defines distribution routes. The distribution of additional polymorphisms described above will be detailed elsewhere. The mapping of these polymorphisms has the potential of defining predictable acquisitions. The predicted acquisitions can then be used to create vaccine targets representing emerging genomes. Table S1 . Trees were generated using neighbor joining with 100 bootstrap repetitions. Sequences generated as described previously 25 Figure 2 Aggregated Polymorphisms on Human Nigerian Hemagglutinin
Figure legends
Phylogram as described in Figure 1 . 
